The aim of this study was to investigate the root canal configuration, accessory canals and number of main foramina of 123 maxillary second molars by means of micro-computed tomography. The teeth were scanned and reproduced with 3D software imaging. The root canal configuration and number of main foramina were evaluated by means of a four-digit system. The morphological complexity of human maxillary second molars is depicted by the number of accessory and connecting canals. The most frequently observed root canal configurations in the mesiobuccal root were 2-2-2/2 (19.5%), 2-2-1/1 (14.6%) and 2-1-1/1 (13.0%). A 1-1-1/1 configuration was observed in 93.5% and in 96.7% in the distobuccal and palatal roots, respectively. The MB1 root canal had one accessory canal (18.7%), and 8.9% of the MB2 root canal had one or two accessory canals. The distobuccal (11.3%) and palatal (14.6%) root canals had at least one accessory canal, and connecting canals were observed in 16.3% of mesiobuccal roots. The MB1, MB2, distobuccal and palatal root canals had one main foramen in 99.2%, 43.1%, 98.4% and 99.2% of samples, respectively. In the mesiobuccal root, one accessory foramen was detected in 14.6%, two were detected in 7.3%, and three were detected in 5.7%. The distobuccal root showed one or two accessory foramina in 9.1% of samples. The root canal configuration of maxillary second molars is quite heterogeneous; the mesiobuccal root has predominantly two root canal entrances (58.4%, 1 in 41.1%) with one main foramen (54.4%). Two main foramina were observed in 43.0%. Morphological variations, connecting and accessory canals were observed in all apical thirds.
INTRODUCTION
Expertise in the field of root canal morphology is crucial for successful endodontic treatment. [1] [2] [3] To avoid endodontic failure, especially during root canal preparation and/or obturation, the practitioner must have ample knowledge of the root morphology. 3 Due to each tooth's singularity, a large quantity of morphological variations is possible. [3] [4] Such characteristics increase the difficulties in shaping, cleaning and filling the three-dimensional root canal system. Fulfilling such requirements is fundamental for a successful endodontic treatment and thus the long-term conservation of the tooth. [5] [6] On the other hand, an inaccurate understanding of the complex internal root morphology invariably results in a deficient root canal preparation due to an inappropriate root canal shaping system and/or method. The most frequent anatomical root number described in the literature in maxillary second molars is three roots. [7] [8] [9] However, these studies exhibit a lack of methodological accuracy when detecting and locating morphological microstructures such as accessory and communicating canals. These studies have employed a two-dimensional method, such as the radiographic method, which lacks a minute morphological interpretation. Currently, technological advancements in tooth imaging in clinical and in vitro settings have allowed the acquisition of high-resolution images. Micro-computed tomography offers in vitro possibilities for a relatively recent imaging technique, which allows for a precise, extensive and comprehensive description tooth morphology; however, it is a relatively expensive ex vivo research method. [10] [11] The root canal morphology of the maxillary second molar has not been extensively reported; however, it is still controversial. [7] [8] [9] 12 To the best of our knowledge, no study has been performed to assess the maxillary second molar with a high sample number by means of microcomputed tomography, thus allowing the practitioner to gain a broad morphological minute overview of this tooth. Different root canal system configuration classification systems are currently employed in the literature; 1-2 however, they do not encompass all possible root canal configurations. Therefore, considering the lack of detailed morphological information, specifically the root canal configuration of maxillary second molars, the aim of the present study was to investigate the morphology of three-rooted maxillary second molars and to describe their root canal system configuration by means of a previously proposed four-digit code system suggested by Briseño Marroquín et al. 13 
MATERIALS AND METHODS

Tooth selection
A total of 123 extracted human permanent maxillary second molars were obtained for reasons unrelated to the present study from dental clinics and dental practitioners. The teeth from an Egyptian population were stored in 5.25% sodium hypochlorite for 24 h for disinfection purposes. 14 According to their morphological appearance with three clear distinct roots and a mesiodistal crown diameter of 9.0 mm (±0.2 mm), 15 the selection criteria included complete development, no signs of root fracture or resorption, no radicular and coronal caries and no endodontic treatment. The teeth were cleaned, including any attached hard and soft tissues as well as calculus,with an ultrasonic scaler. The teeth were placed for one hour in a 3% hydrogen peroxide ultrasonic bath and then stored in 70% alcohol. For further investigation of the tooth's internal morphology not related to that reported in this paper, endodontic access cavities, taking care not to influence the root canal system morphology nor the pulp chamber floor, were prepared under a stereo microscope (×7; OPMIPico, Carl Zeiss Meditec AG, Jena, Germany) with a high-speed handpiece and a 801-014 diamond round bur (Komet, Lemgo, Germany). When required, ultrasonic tips were used to remove pulp stones exclusively from the pulp chamber. The pulp chambers were rinsed with 1% sodium hypochlorite (60 s) and dried via suction.
Main and accessory foramina Main foramina were described as those whose diameters were 0.25 mm or more, and smaller foramina diameters were considered as accessory foramina.
Morphological analysis with micro-computed tomography
The teeth were scanned at an isotropic resolution of 20 μm in a desktop micro-computed tomography unit (μCT 40; Scanco Medical, Brüttisellen, Switzerland) using a previously described method [16] [17] [18] using settings of 70 kV and 114 μA, resulting in 800 to 1 200 slices per tooth by rotation steps of 0.36 to 180°.
Different tooth structures were visualized through depiction in dummy colours in the 3D reconstructions of the micro-computed tomography scans using specific software (VGStudio Max 2.2; Volumegraphics, Heidelberg, Germany). The pulp chamber and root canal system were coloured red, the enamel and crown areas were coloured white to grey, and the root and dentin areas were coloured transparent grey (Figures 1 and 2 ). The root canal configuration was described by dividing the roots into thirds. The first, second and third configuration digits provide the root canal number at the respective coronal limit of the coronal, middle and apical thirds. The fourth digit is separated with a slash and indicates the number of main foramina. 13 The number of accessory and connecting root canals (the one that connects one root canal with the same one or another without merging into the periapical tissue) as well as the number of apical accessory foramina observed under micro-computed tomography were also investigated. The results are expressed as absolute and relative values according to the sample number.
RESULTS
The described root canal configurations of the mesiobuccal (MB), distobuccal (DB) and palatal (P) roots are shown in Table 1 . The most frequently observed root canal configuration in the mesiobuccal root (MB1 and MB2 root canals together) was 2-2-2/2 (19.5%), followed Maxillary second molar with a 1-1-1/1 root canal configuration in the palatal and distobuccal roots. This configuration type was found to be the most common (96.7% and 93.5%), respectively) in these roots. The configuration of the mesiobuccal root was 2-2-2/2 with a connecting canal in the middle third. This type of connecting canal could also be considered as an anastomosis; however, in this investigation, it was considered as a connecting canal for the sake of term consistency.
by 2-2-1/1 (14.6%), 2-1-1/1 (13.0%), 2-1-2/2 (8.1%) and 1-1-2-/2 (7.3%). Nine additional different root canal configurations were observed with a frequency of o5% each. The distobuccal and palatal root canal configurations showed a 1-1-1/1 configuration as the highest incidence (93.5% and 96.7%, respectively). Five other root canal configuration variations were observed in the distobuccal root, whereas in the palatal root, only two variations could be observed.
The number and mean of accessory and connecting canals observed are shown in Table 2 . Connecting canal I describes the communication between two root canals in the form of an isthmus, and connecting canal II resembles a "handle like" connecting canal that emerges from and returns to the same root canal. MB1, MB2, DB and P had no accessory canals in 74.8%, 91.1%, 79.7% and 85.4%, respectively. Connecting canals I and II were observed in only 20.3 and 6.5%, respectively. MB1 had one (18.7%), two (3.3%) or three (3.3%) accessory canals. MB2 showed one or two accessory canals in 8.9% of samples. The distobuccal (11.3%) and palatal (14.6%) roots had an incidence of at least one accessory canal. Connecting canal I was observed in 16.3% of teeth, and connecting canal II was observed in 6.5%.
The number and mean of main and accessory (Acc) apical foramina observed are shown in Table 3 . The MB1, distobuccal and palatal root canals had one main foramen in 99.2%, 98.4% and 99.2% of samples, respectively. A main foramen in MB2 was observed in only 43.1% of samples. An additional root canal was rarely observed in the mesiobuccal (MB3), distobuccal (DB2) and palatal (P2) roots. Accessory foramina in the mesiobuccal root (MB-Acc) were detected in one (14.6%), two (7.3%) and three (5.7%) instances. In the distobuccal root, one or two accessory foramina were observed in 9.1% of samples (DB-Acc).
DISCUSSION
A number of studies have investigated root canal morphology using various research methods. 2, 4, 11, 19 For the analysis of the root canal system, the most accurate ex vivo method considered to be the gold standard 20 today is micro-computed tomography. 3 Fine internal morphological structures of the tooth can be observed with this noninvasive and reproducible technique after appropriate 3D reconstruction. 21 Although we cannot completely exclude the possibility of tooth dehydration caused by the 70% alcohol storing procedure, if it happened, it did not influence the results, as it was extremely rare to observe an artefact in the resulting images after software rendering with micro-computed tomography that could have suggested possible dehydration. In experimental endodontic research, this method renders detailed qualitative and quantitative information. 10, 21 Knowledge of the three-dimensional root canal system is mandatory to avoid errors during all phases of root canal treatment; thus, it will enhance the success of endodontic therapy. DB, distobuccal; MB, mesiobuccal; P, palatal. The MB root depicts the results of the MB1 and MB2 root canals together. The configuration numbers from left to right describe the root canal path from the coronal, middle and apical thirds, respectively (13) . The last number, separated with a slash, shows the number of main foramina observed. Table 2 Numbers (n) and means (%) of accessory and connecting (Connecting I and II) canals observed under micro-computed tomography of the maxillary second molar (n = 123) 
Morphology of the maxillary second molar by micro-CT TG Wolf et al
To keep the number of samples high, only three-rooted maxillary second molars were included in the present study because two-7 and four-rooted maxillary second molars are rare. 8 The most common root canal configuration systems employed are those of Vertucci 2 and Weine et al. 1 However, with different computer-supported imaging techniques such as micro-computed tomography, it has been possible to depict further root canal configurations that cannot be properly classified with these classification systems. 4, [22] [23] [24] [25] The present study offers a comprehensive four-digit classification system based on dividing the root into thirds and using the fourth digit to describe the number of main apical foramina. 13 The successive introduction of actual treatment modalities (microscopes) and different investigation methodologies 9, 26, 27 showed that the prevalence of the MB2 root canal in maxillary molars is higher in comparison to radiographic studies. 4 Therefore, only reports of highresolution imaging systems were taken into consideration in the discussion.
In this study, 15 different root canal configurations were observed in the mesiobuccal root in maxillary second molars compared with 10 observed in the conventional microscopic investigation. 28 The most frequently observed root canal configuration in the mesiobuccal root canal in this study was 1-1-1/1 (26.0%). With the same methodology, similar values of 26.0% were reported by Sert and Bayirli 23 using teeth of male origin. Other authors 4, 20, 29 report a relatively higher frequency of this configuration ranging from 38.1% to 45.09%. Versiani et al. 12 reported a higher frequency of this configuration (76%) with the same investigative methodology; however, they used a smaller research sample (n = 25) in four-rooted maxillary second molars. The frequency contrast with other investigations 2,23,24 ranging from 56.0% to 71.0% and employing different methodologies also contrasted with these results. In the present study, a 2-2-2/2 configuration was observed in 19.5% of samples. Different authors using different methods 2, 4, 12, 23, 26, 29 reported similar results to ours, whereas the results of other investigations with different methodologies or sample numbers that reported frequencies of 3.9% 24 or 57.0%, 11 and 60.3% 22 deviated noticeably from ours.
The 2-2-1/1 and 2-1-1/1 root canal configurations were observed in 14.6% and 13.0% of the distobuccal and palatal roots, respectively. Indeed, when using different classification systems, these root canal configurations showed a similar outcome when compared with the results of other authors. 2, 23 The findings of Sert and Bayirli 23 (31.0% male and 22.0% female derived teeth) and Alavi et al. 19 (7.7%) differed from ours; however, these authors used the type II (2-1) classification of Vertucci. 2 A 1-1-1/1 root canal configuration in the distobuccal (93.5%) and palatal (96.7%) roots was observed in the present study. Similar results were obtained by Alavi et al. 19 (98.1%-100% and 100%, respectively), Kim et al. 24 (97.58% and 97.58%, respectively) and Sert and Bayirli 23 (98% and 100%, respectively).
Although a MB2 root canal entrance was quite often present in the pulp chamber floor in this study (57.6%), our results and those of Vertucci 2 show that the subsequent root canal configuration in the apical direction does not always reveal two separate root canals. A second mesiobuccal canal in the mesiobuccal roots was reported in 57%, 11 66.6% 29 and 70.3%; 23 however, Versiani et al. 12 and Kim et al. 24 observed it in only 24.0% and 34.39%, respectively. Different investigations 11, 23, 30 report that 450% of maxillary second molars have a second root canal (MB2) in the mesiobuccal root; therefore, if it is not properly anticipated, instrumented and filled, success in endodontic treatment is endangered.
Vertucci 2 reported to have frequently found one main foramen in the mesiobuccal (88.0%), distobuccal (100.0%) and palatal (100.0%) roots. These results are similar when compared to those obtained in the present study (99.2%, 98.4% and 99.2%, respectively).
One, two and three lateral canals were observed in mesiobuccal roots in 14.6%, 7.3% and 5.7% of these roots, respectively. In the present study, the distobuccal root showed one or two lateral canals in 9.1% of samples. Contrastingly, Vertucci 2 reported higher values in the mesiobuccal (50%), distobuccal (29%) and palatal (42%) roots. Alavi et al. 19 reported lateral canals in 11.0% of the middle (0.5%) and apical thirds (10.5%), a result thatwas similar to our results. Furthermore, Alavi et al. 19 reported a frequency of connecting canals between the mesiobuccal root canals of 16.2%, which was also in accordance with our results (16.3%). Vertucci 2 reported a 21.0% frequency; however, he describes such connecting canals as "anastomosis." We could also describe many of these connecting canals as anastomosis; however, we decided to compromise, using the term "connecting canal" for the sake of terminus unification to remain consistent throughout any reporting in this and other investigations.
In the present study, one to six accessory canals were observed in 27.6% of molars when considering the entire mesiobuccal and distobuccal root canal length. Similar findings were reported by De Deus 31 in a study of three-rooted molars (23.3%). A higher prevalence in four-rooted maxillary second molars (38.0%) was reported by Versiani et al. 12 These results are also in contrast with those of Cleghorn et al. 3 in which they reported observing only one accessory canal in 10.8% of the mesiobuccal roots.
Differences between this and other studies can be explained by sample size, study methodology and design, ethnic origin of samples, and differences in age 26 and sex. 24, 32 However, to the best of our knowledge, only one micro-computed tomography study has Table 3 Numbers (n) and means (%) of the main (mesiobuccal root and distobuccal root) and accessory apical foramina of the maxillary second molar observed under micro-computed tomography (n = 123) Acc, accesory; DB, distobuccal; F, apical foramina; MB, mesiobuccal; P, palatal.
No accessory foramina were observed in the palatal root.
Morphology of the maxillary second molar by micro-CT TG Wolf et al investigated the root canal morphology and configuration of maxillary second molars. 12 The results of our study also suggest that reported differences might be associated with the total root number of maxillary second molars.
The results of this study show that 49.5% of the mesiobuccal roots of maxillary second molars have two root canal entrances and that only 27.6% of them have only one physiological foramen. These conditions suggest that 55.7% of these teeth with two root canal entrances merge at some level of the root to ultimately end in only one physiological foramen. The meaning of these results could be erroneously interpreted as comforting for the operator. They could clinically explain why success has been achieved in many cases where only "three root canals" have been treated. However, the operator will practically never be aware of this clinical situation. Furthermore, the analysis of this information is beyond the scope of this investigation and will be extensively addressed in a future report.
A precise understanding of endodontic morphology of the maxillary second molar by means of imaging of a large sample number through micro-computed tomography is provided in the present study. This information will enable practitioners to understand and anticipate the challenge of three-dimensional endodontic treatment, especially during the cleaning and shaping of the root canal system. The results of this study showed that the maxillary second molar has a high incidence of morphological endodontic variables, indicating that it is even more complex than the maxillary first molar. 13 
CONCLUSIONS
1. The most frequently observed root canal configurations in the mesiobuccal root were 1-1-1/1 (26.0%), 2-2-2/2 (19.5%), 2-2-1/1 (14.6%) and 2-1-1/1 (13.0%). 2. The 1-1-1/1 root canal configuration was observed in the distobuccal root in 93.5% of samples and in the palatal root in 96.7% of samples. 3. The MB1 had one accessory canal in 18.7% of samples and the MB2 had one or two accessory canals in 8.9% of samples. The distobuccal and palatal root canals had at least one accessory canal in 11.3 and 14.6% of samples, respectively. Connecting canals were observed in 16.3% of the mesiobuccal roots. 4. Only one main foramen at the apex was observed in the MB1, distobuccal and palatal root canals in 99.2%, 98.4% of samples, respectively. A main foramen of MB2 was observed in 43.1% of samples. In 56.1% of samples, it did not exist due to the one (/1) final configuration in the mesiobuccal root. 5. One accessory foramen in mesiobuccal roots was detected in 14.6% of samples, two in 7.3% and three in 5.7%. The distobuccal root showed one or two accessory foramina in 9.1% of samples.
